In this work we describe the relative performance of the largest luminescent solar concentrator (LSC) constructed to date. Comparisons are made for performance of North/South and East/West facing panels during a sunny day. It is shown that the East/West panels display much more varied performance during the day, as the structural elements of the barrier interfere with solar illumination and cause shading, but perform similarly for both front and back illumination conditions. The results of a more extended, 200 day measurement period mirror the results of the single sunny day results. This work demonstrates the importance of frame design to minimize self-shading of the LSC panels.
Introduction
Exploiting the potential of solar energy in a city setting has proven to be a challenge. There are a number of research efforts currently dedicated to developing next generation urban solar panels. Research on shade tolerant panels, increasing the freedom of shape of the PV and introduction of color are all steps towards bringing solar PV into a built environment on the large scale [1, 2] .
An alternative solar energy generator which could find extensive use in the urban setting is the luminescent solar concentrator, or LSC. The LSC has had a long history in the scientific and patent literature since first being described in the late 1970's [3e6]. The LSC is a relatively simple concept for a solar energy generator: it usually is manifested as a polymer plate filled with fluorescent molecules that absorb incident sunlight. The fluorophores re-emit the light at a longer wavelength, a fraction of which is trapped by total internal reflection in the polymer plate by virtue of its high refractive index. The trapped light is thus directed towards the narrow edges of the plate, where long, thin photovoltaic (PV) cells are placed to convert the emission light into electricity. The LSC has several potential advantages which make it interesting for integration in the built environment. The aesthetics of the device can hold appeal for their color [7] and potential to be of almost any shape. The LSC is able to function as either opaque or translucent objects. They function similarly in direct and indirect sunlight [8] , and are relatively robust. While current electrical generation efficiencies are modest [9, 10] , their reduced cost and potential for huge area coverage as well as their ability to be used as construction elements reduce the importance of the absolute efficiency.
Despite decades of research and considerable advances in materials and design concepts, there have been few examples of any efforts to scale up an LSC device for outdoor application for longerterm monitoring. Both a liquid-based and a solid polymer LSC were installed outdoors in Egypt and their performances were followed for the period of two weeks [11] and over summers [12, 13] . Smaller sheets were studied in Northern Europe climates for close to 300 days [5] , and a 20 Â 8 cm 2 dye topped polymer plate in Riyadh, Saudi Arabia for one year [14] . A number of other semi-commercial efforts have been attempted, but the results were never made public.
With this in mind, we developed the Solar Noise Barrier (SONOB) program to tackle the issues related to production of a larger-scale LSC device, and to monitor its performance under the harsh conditions of a Dutch year. SONOB resulted in the construction of 2 noise barrier modules, each 4 Â 5 m 2 and 12 mm thick, one facing East/West and the other North/South. The modules each consisted of 4 separate 1 Â 5 m 2 panels. Two were clear glass plates 8 mm thick embedded with silicon PV cells, and two dyeembedded LSC devices, one containing an apparent orange and one an apparent red colored fluorescent dye. Since the early spring of 2015 we have been monitoring a number of parameters related to the barrier electrical performance, including the output of the 16 PV cell strings located about the top and bottom sides of each of the LSCs, the PV cells of the PV embedded glass plates, wind speeds, cell temperatures and illumination conditions at 2 min intervals.
During the day the sun is in continual motion across the sky, and presents the LSC panels a variety of illumination conditions. There are a host of other factors potentially contributing to the performance of the panels including the effects of clouds, soiling, shadowing, graffiti, and temperature. By understanding how the panels respond to the various light incidence conditions, future designs can focus on the aspects that underperformed of the installed panels in order to solve these deficiencies and improve overall performance of the device. In this paper, we discuss the effect of solar position on the outputs of the LSC sheets on a particularly sunny day and compare to some longer-term measurements.
Materials and methods
Four cast PMMA plates 1 Â 5 Â 0.012 m 3 were used in the experimental setup. Two plates contained the fluorescent dye Lumogen Red305 and two plates contained the fluorescent dye Lumogen Orange240 (both dyes from BASF) [15] . The top and bottom edges of the panels were attached with two strips of series connected cells, each containing seven 12 Â 78 mm 2 monocrystalline silicon PV cells (SolTech). These strip pairs were mounted at four different locations on the LSC plate, labelled TS (Top, Side), TM (Top, Middle), BM (Bottom, Middle) and BS (Bottom, Side) by an optically transparent silicone-based flexible glue. White tape was used to mask the overhang to the edge of the LSC lightguide plate. Each of the four cell strip pairs was monitored independently for performance. The two vertical edges on each LSC panel were affixed with a white scatterer. The temperature of some of the cells was monitored during the experiments by attached thermocouples (T-type from Omega Engineering).
Two noise barrier assemblies were created, each consisting of four panels: one each of the red and orange dye, and two glass panels containing silicon PVs from Scheuten solar. The red panel was on top, the orange below this, and the two bottom panels being the silicon based PV panels, as may be seen in Fig. 1 . The assembly of the panels, cells, and requisite wiring and encasement in an aluminum frame were overseen by Van Campen Industries. The two assembled noise barriers were installed by Heijmans with one barrier facing North/South and the other East/West along a major traffic conduit in the city of Den Bosch, the Netherlands (see Fig. 2 ). The tilts were such that the barriers reclined 15 towards the north and east, respectively. The barriers' wiring was completed and attached to the various detectors used in the experiments and the controlling computer by SEAC. Two EKO MS-802 pyrometers were mounted atop both the barriers, in plane with the front and rear side of the barrier to collect information on irradiance. The output of the PV cells was monitored by an EKO MP-160 IV tracer in combination with a number of switching units.
Results and discussion
In this work we will focus discussion on only the performance of the Red305 doped polymeric sheets [9, 10, 15] . The top middle (TM) and bottom middle (BM) cells, top side (TS) and bottom side (BS) cells (see Fig. 3 ) will be compared in this work for both the North/ South and East/West facing panels.
The cells' performance ratios were compared on a very sunny day (June 30, 2015) when no cloud was registered in the sky above Den Bosch, The Netherlands. An image depicting the solar path during this day is depicted as Fig. 4 below.
The definition of the performance ratio, PR, which we use to compare the output of all the cells attached to the LSC is:
where E stc ¼ 1000 W/m 2 , P measured was determined from the maximum power point on its IV curve, and P rated was the nominal power outputs of the cell, and E measured is the total measured irradiance from both sides of the LSC panel at the test site. The fill factors were around 80% for the PVs. While not a perfect parameter to describe LSC performance (for example, cell heating can influence the measured power), the PR should give a reasonable comparison between cell performances given similar weather and lighting conditions. It should be noted the results given in this paper are based on single panels. Less emphasis should be placed on comparing absolute numbers of PV cell strips but more on the relative performance of individual cell strips throughout a measurement period: there are variations between the strips arising from differences in the optical connection between the polymer plate and the cell strips.
Middle: top vs bottom cells
The silicon photovoltaic cells that are compared here correspond to TM and BM cells in Fig. 2 for both the East/West and North/South facing noise barriers. The performance ratio comparison for these two cases is shown in Fig. 5 .
For the East/West facing noise barriers, it is clear that the BM part of the LSC panel receives more light during the first half of the day (until solar noon): during this time the sunlight approaches from the rear side of the panel. The dramatic difference in the performance during the early hours in Fig. 5a is ascribed to the effect of frame shading as the sun passes over the metal top bar. The transport distance of dye-emitted light in the LSC can be quite limited by reabsorption events resulting from the limited Stokes shift of the dyes (there is general spectral overlap between the absorption and emission spectra of the dyes), internal scattering, and even parasitic absorption by the polymeric lightguide [16] .
The sunlight approaches the East/West facing barrier from the rear side in the morning: the panel tilts 15 towards the East. The incident light approaching the top of the panel is thus 'shaded' by the aluminum top of the LSC: this shading becoming more pronounced and affecting a larger area as the sun rises (see Fig. 6 ). On the other hand, light incident on the bottom half of the panel is not shaded in this way. The 'dip' during the middle of the day is due to the sun occupying a position over the barrier such that the top bar of the aluminum frame of the barrier acts as a shading element, masking the panel from most of the direct light, and affects both top and bottom cells. The North/South facing noise barriers do not show such a variation between the top and bottom cells. In this case, both top and the bottom PVs respond similarly throughout the day, and do not receive any direct solar illumination, but only are illuminated by the emissions of the LSC lightguide. Two 'dips' in the performance, one around 09:00 and one around 19:00 h are the result of the sun being partially blocked by the side support panels of the aluminum frame. At 09:00 on this specified date, the sun was positioned incident directly from the East. The additional sharp 'peaks' at 07:30 and 19:30 are a result of light directly scattered from the white vertical side edges of the lightguide: this will be discussed more in section 3.2.
Side: top vs bottom
The silicon PV cells that are compared here are TS and BS in Fig. 2 for both the East/West and North/East facing noise barriers. Here, the TS PV is located to the west side of the barrier and the BS PV is located to the east part of the barrier. The performance ratio comparison for those cases appears in Fig. 7 .
Similar to the previous discussion of the more centrally mounted cells, in the North/South facing barriers the bottom and top PVs receive different intensities throughout the day. More specifically, during the first half of the day it is the top cells that receive relatively more light whereas in the second half of the day they receive less light. The two colored circles highlight this difference. The differences indicated in the green circle, which refers to the earlier part of the day, is caused by interference of the frame of the barrier. From the moment that the sun is rising (from the northeast part of the sky) until it reaches the eastern part of the sky (in position parallel to the barrier), the bottom cell which is positioned towards the east is shaded by the frame. This leads to higher amount of light for the top side cell which is facing west, therefore it is not similarly affected. This effect appears reversed in the later part of the day until the sun sets. This means greater amount of light for the bottom cell (see Fig. 7 ).
Inside the green circle of Fig. 7b appears a spike at about 7:30 in the morning. This spike is the result of the presence of a white scatter placed on the short side of the LSC panels. This scatterer on the west edge of the LSC encounters direct sunlight incident on the LSC from the east. The sunlight not absorbed by the dye encounters the scatterer, which redirects some of this incident sunlight back to the panel. Because the scatter effects all wavelengths of incident light, including light beyond the limit of Red305 absorption (>600 nm), this means these longer wavelengths which are not absorbed by the dye that are trapped in the lightguide could travel for long distances, some even reaching the cell at the opposite end of the panel (note the small peak in the bottom cell in the early hours). This process is reversed later in the day, when the direct sun from the west has its light scattered by the east mounted scatterer placed on the edge of the N/S facing LSC, with some of the scattered light traversing the entire length of panel to become incident on the top cell on the west side. These additional spikes are also noticeable in the more centrally mounted cells: see Fig. 5 .
Top: middle vs side
In this section we compare the performance of the TM and TS silicon PV cells in Fig. 2 for both the East/West and North/East facing noise barriers. The performance ratio comparison for those cases appears in Fig. 8 .
In the case of the East/West facing barrier, the more centrally mounted PV cell performs better than the more side mounted cell over the entire day. This difference is attributed to differences in the quality of the optical connection between the cell strips and the plate. This situation is similar in the North/South facing panels, but the optical connection seems to be more equal here.
Bottom: middle vs side
The silicon PVs that are compared here correspond to BM and BS in Fig. 2 for both the East/West and North/East facing noise barriers. The performance ratio comparison for these cases appears in Fig. 9 .
The performance results of the bottom mounted cells are similar to those of the top mounted cells for both orientations. For the East/ West facing barrier, the BM cell may receive more light because the frame obstructs part of the light reaching the side cell.
For the North/South facing barrier, the middle and side cells perform similarly during the greater part of the day. As described in section 3.2, the side cell is affected by the presence of the white scatterer at the panel edges: the frame blocks the light during the first part of the day while the scatter causes more light to reach the cell.
Extended period measurements
The East/West facing panels had two solar peaks during the day while the North/South panels only one. This resulted in different PV performance ratios depending on the cell position for the East/West facing panels, while the cells on the North/South panels showed similar performance ratios regardless of position. The direct, daily PR comparison between the TM and BM cells on the Red LSC panel for both orientations through the measurement period between 23/5/2015 and 8/12/2015 shows the different behavior for the cells: see Fig. 10 . These results incorporate a variety of weather conditions, including periods of clouds and rain, but no snowfall.
These experiments have utilized large scale LSCs oriented in two extremum: exact E/W and N/S orientations. It would be very interesting in follow-up work to investigate the intermediate cases when the panels are not aligned along the compass axes, and performance at different latitudes. The tilt angle of 15 also impacts performance, as this dictates when the frame will interfere with electricity generation. However, other constraints related to the blocking of sound, the primary function of the noise barrier, will go far in dictating how much this latter aspect can be altered.
A key feature of these noise barriers is their ability to accept light from either side for electrical generation. As can be seen from the data of the E/W facing panels, the performance in the morning and afternoon are approximately the same: it does not matter from where the sun shines, as long as light enters the surface of the lightguide, it may be processed. This work also clearly shows that regions not covered with photovoltaic cells should be painted with a white scattering layer to allow collection of otherwise nonabsorbed light. The work presented in this paper will provide insight and guidance for the construction of future LSC demonstration objects to ascertain their commercial viability, both in the production of electrical power, but also in their aesthetic appeal, and improved ease of integration into the urban landscape.
Conclusions
We have presented the first data related to the Solar Noise Barrier (SONOB) project in Den Bosch, the Netherlands, which involves the monitoring of performance of two 5 Â 1 m 2 luminescent solar concentrator panels in two different colors oriented to face due North-South and East-West, each with a 15 tilt from the vertical. We have identified different performance responses in the silicon photovoltaic cells attached to the center and off-center locations on the top and bottom of the red lightguides. Due to the orientation, the North South panels suffer less from shading losses by the support frame compared to the East West oriented panels. This will have implications for the overall system design. The results of the data collected on the single day in June appear representative of the relative performances of the cells for the 200 day period recorded from May until early December. We demonstrate the importance of frame design to minimize self-shading in the first full-size LSC devices. 
